ABSTRACT: Soils are excellent reflectors of ground-penetrating radar (GPR) signals because of the ability of organic matter to hold water. In this paper, GPR profiles of an eolian sedimentary succession are combined with textural, dielectric, and moisture-retention characteristics to illustrate the influence of soil moisture on radar-wave reflection. Organic matter in this succession varies strongly, from Ͻ 0.15% for clean sand to 7% for the most prominent soil, whereas grain-size distributions are comparable. Moisture-retention curves show a complex relationship between suction potential (pF) and volumetric water content (). As a result of their uniform pore-size distribution, clean sand and weakly developed soils with Ͻ 1% organic matter experience a sudden loss of water between pF 1.5 and pF 1.8, going directly from saturated to almost dry conditions. In contrast, the most prominent soil shows a more gradual decrease in with increasing suction potential. It follows that the dielectric contrast between clean sand and this soil increases sharply above pF 1.5, reaches a maximum value at field-capacity conditions, and then decreases slowly. Synthetic GPR images for different suction potentials show that field-capacity conditions, when reflection coefficients are high, are favorable for tracing one single soil. Dry sediments are preferable when imaging widely spaced soils, whereas saturated sediments are best when imaging closely spaced soils.
INTRODUCTION
Ground-penetrating radar (GPR) has become a well-established technique to study the shallow subsurface. Contrasts in dielectric properties, governed mainly by variations in water content, cause portions of transmitted electromagnetic energy to reflect to the surface. Because organic matter is capable of holding large quantities of water, soils act as excellent GPR reflectors (e.g., Clemmensen et al. 1996; Freeland et al. 1998; Van Heteren et al. 1998; Vandenberghe and Van Overmeeren 1999) . Although organic matter is common in sedimentary environments, most research on electromagnetic properties of clastic sediments has focused on properties such as grain size, density, and water content; organic matter is generally considered to be of secondary importance (e.g., Wensink 1993) . A few studies of peat have used detailed analyses of organic-matter content and electromagnetic properties to improve the interpretation of GPR images (e.g., Worsfold et al. 1986; Theimer et al. 1994) . Van Dam and Schlager (2000) quantified physical sediment properties to understand GPR reflection of mineral soils. Doolittle and Collins (1995) show that variation in moisture content significantly affects GPR performance in soils, but they do not discuss explanations for their observations. The purpose of the present research is to better understand the role of organic matter in radar-wave propagation and reflection under variable moisture conditions. To achieve this goal, a multidisciplinary field study of eolian dune deposits, located near the Dutch coast ( Fig. 1) , was conducted within the HYDROSED (''hydraulic characterization of sedimentary deposits'') project. The sedimentary succession consists of beds containing clean wind-blown sands (organic-matter content * Present address: Geopuls, Bemuurde Weerd o.z. 7, 3514 AN, Utrecht, The Netherlands.
Ͻ 0.15%) and mineral soils with up to 7% organic matter. GPR data were collected over an 11 m ϫ 16 m grid. Sediment characteristics were quantified along vertical profiles from two trenches that were dug at the edge of the grid, following the GPR survey. Time-domain reflectometry (TDR) was used to measure small-scale variations in electromagnetic properties. Samples were collected to measure grain-size distributions and organicmatter content. In addition, laboratory measurements of sediment moisture retention (soils and clean sands) were used to calculate the dielectric properties for different moisture contents. Together, these data provided input for the construction of synthetic radar traces, which in turn improve our understanding of the influence of organic matter and the inherent role of moisture on GPR performance. Improved understanding on radar-wave reflection by organic matter is needed because GPR is used to trace positions and characteristics of soils in the subsurface for a number of reasons. In studies of saturated fluid flow, soils are important low-permeability layers. Also, soils are used for dating sedimentary units and for stratigraphic and archeological studies.
METHODS

Ground-Penetrating Radar
The GPR technique is based on propagation and reflection of electromagnetic waves in the subsurface. Fundamental properties that control the behavior of electromagnetic waves are dielectric permittivity (⑀), electrical conductivity (), and magnetic permeability (), which together define the dielectric impedance (Z) (Von Hippel 1954) . A range of electromagnetic properties for common geologic materials can be found in Davis and Annan (1989) and in Van Heteren et al. (1998) . For most natural sediments, variations in are insignificant (e.g., Daniels et al. 1988) , and the influence of on the electromagnetic signal velocity is negligible over the entire GPR frequency range (Davis and Annan 1989) . In contrast, the relative permittivity (⑀ r ϭ ⑀/⑀ 0 , where ⑀ 0 is the permittivity of vacuum) plays an important role in both propagation and reflection of electromagnetic waves (e.g., Huggenberger 1993) . Water has a relative permittivity of around 80, compared with air and quartz, which have values of 1 and around 4.3, respectively. Therefore, the relative permittivity of bulk sediment is governed by its water content.
The propagation velocity of electromagnetic waves is essentially independent of frequency between 100 and 1000 MHz, assuming Ͻ 0.1 Sm Ϫ1 (Davis and Annan 1989; Powers 1997) . The propagation velocity (v) is then found by v ϭ c 0 /⑀ r 1/2 , where c 0 is the electromagnetic-wave velocity in vacuum (3 ϫ 10 8 m s Ϫ1 ). Below 100 MHz, frequency dependence leads to higher ⑀ r values and lower velocities. In this range, frequency dependence increases with water content.
Attenuation of the electromagnetic signal is governed by and ⑀ r . In low-loss materials, the original pulse amplitude (A 0 ) decreases exponentially with depth (z) according to A ϭ A 0 e Ϫ␣z , where the attenuation constant ␣ ϭ 0.5⑀ r 1/2 (Theimer et al. 1994) . This relationship is valid only for homogeneous sediments without impedance contrasts. When a propagating electromagnetic wave encounters an impedance contrast, part of the energy, proportional to the magnitude of change, is reflected. The reflection coefficient is given by RC ϭ (Z 2 Ϫ Z 1 )/(Z 2 ϩ Z 1 ), where Z 1 and Z 2 are the dielectric impedances of the layers above and below the contrast, respectively. 0.00, Ϫ1.00 0.00, 0.00 0.00, 3.00 0.00, 7.00 0.00, 11.00 6.00, 0.75 0.00, 1.50 6.00, 2.25 Ϫ1.00, 0.00 0.00, 0.00 4.00, 0.00 8.00, 0.00 12.00, 0.00 16.00, 0.00 2.00, 0.00 6.00, 0.00 10.00, 0.00 14.00, 0.00 6.00, 0.00 0.00, 6.00 6.00, 4.00 8.00, 1.50
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2.-Examples of moisture-retention curves for sediment with different textural characteristics after Bouma (1977) . Both position and shape of the curves are related to the pore-size distribution of the sediment. For the synthetic modeling of GPR waves the program GPRMODV2 (Powers and Olhoeft 1995) was used. This program enables one-dimensional modeling of radar signals, including possible frequency dependence of dielectric properties. The program accounts for variations in velocity and attenuation, caused by changes in water content and ⑀ r , at different frequencies. The result of this frequency dependence is pulse dispersion for frequencies below 100 MHz.
Time-Domain Reflectometry
The TDR method that was developed to characterize the conductivity and water content of soils is based on the propagation of an electromagnetic signal along a probe. In addition to measurements of temporal variability, one can use TDR to construct vertical profiles of dielectric properties (Topp and Davis 1985; Van Dam and Schlager 2000) . The relative permittivity (⑀ r ) is calculated from the travel time of the TDR signal in the sediment and from the probe length. Normally the main factor that controls ⑀ r is the volumetric water content () of sediment. For mineral soils with organicmatter contents up to 10%, can be found by substitution of ⑀ r in the empirical relationship (Topp et al. 1980; Roth et al. 1992 ):
The frequency-independent electrical conductivity ( DC ) of sediment is found by estimating the attenuation of the TDR pulse (Giese and Tieman 1975; Weerts et al. 1999 ).
Moisture-Retention Characteristics
Porous media in natural unsaturated conditions still retain some water, which indicates that forces prevent part of the interstitial moisture from draining. These so-called matric forces can be subdivided into adsorption forces and capillary forces (De Marsily 1986) . Adsorption is the strong attraction between water molecules and the solid phase, creating a thin water film around sediment particles. The amount of adsorbed water retained by the sediment is limited, but it increases with the surface area of the solid phase. Capillary forces are the result of the surface tension of a fluid relative to atmospheric pressure. Equating the forces on both sides of the air-fluid boundary shows that the capillary rise is inversely proportional to the pore radius (r). Matric forces thus exert suction (negative pressure relative to atmospheric pressure) on the pore water. This suction is usually expressed as the pressure head (h) or the suction potential (pF ), where pf ϭ logͦhͦ. The suction potential is defined as pF ϭ log(Ϫp w / w g) (De Marsily 1986) , where p w is the water pressure (N m Ϫ2 ), w is the water density (kg m Ϫ3 ), and g is the gravitational acceleration (m s Ϫ2 ). A suction potential of 0 to 1 is associated with saturated conditions. Two terms are commonly used to compare between particular pF values in different samples (e.g., Ward and Robinson 1990) . The term ''field capacity'' is defined as the volume of water per unit bulk volume remaining in the sediment when drainage under the influence of gravity has ceased. The suction potential associated with field capacity depends on sediment type but is commonly in the range between pF 1.5 and 2.5. Field-capacity conditions were present when the present field study was conducted. The so-called ''wilting point'' is the minimum water content at which plants can extract water from sediment. To reach a pF value of 4.2, commonly associated with the wilting point, gravitational drainage has to be assisted by evapotranspiration.
The relationship between soil-moisture content and suction potential is frequently expressed in the so-called ''moisture-retention curve'' or ''capillary-pressure curve''. The shape of this curve is related to the pore-size distribution of the sediment (Fig. 2) . In general, soils contain a wide range of interconnected pores of varying shapes and sizes. Those with wide entry channels (pore throats) will drain at low suction, whereas those with narrow channels will drain at higher suction. In a medium with a uniform poresize distribution, like well-sorted sand, most of the pores drain in a narrow range of suction potentials (Fig. 2) . Sediments containing organic matter have a wider range of pore sizes. Therefore, the pores drain in a wider range of suction potentials, and associated moisture-retention curves will have gentler slopes.
Experimental Procedure.-To measure the -pF relationship, essentially undisturbed core plugs were saturated in the laboratory and then drained over a pF range of 0.4 to 2.0. After allowing the samples to equilibrate with a specific suction for a week, the samples were weighed and was calculated by ϭ gb , where g is the gravimetric moisture content and b is the dry bulk density (kg m
Ϫ3
) of the sediment. To determine porosity, the samples were dried at 60 ЊC for 24 hours, corresponding to a pF between 5.5 and 6.5. To construct models of moisture retention for the different units, the measured -pF pairs were fitted to the equation Genuchten 1980) , where r and s represent the residual and saturated soil-moisture contents, respectively, ␣ (cm Ϫ1 ) and n are parameters to fit the shape and position of the curves, and m ϭ 1 Ϫ n Ϫ1 . The computer program PFEREP (Waterloo 1994 ) was used to make least-square estimates of the parameter ␣, which defines the position of the inflection point, and n, which determines the amount of curvature in the -pF relationship.
Sedimentology and Stratigraphy of the Test Site
The test area was surveyed with a grid of GPR lines, using a pulse EKKO radar with 25, 100, 225, 450, and 900 MHz antennae (Table 1) . After the GPR measurements, two trenches, each 3 m deep, were dug for detailed study and sampling of the sediment (Fig. 1B) . The water table is at a depth of around 3.5 m. Along vertical sections in the trench walls, TDR was used to obtain detailed information on dielectric properties, and samples were taken for analysis of textural properties (Table 2) . A total of 49 core plugs were collected from the trench walls for laboratory measurements of moisture-retention characteristics (Fig. 3A, B) . The core plugs that were sampled by pushing a metal ring in the sediment have walls of minimum thickness, so as to reduce sediment disturbance. In addition, samples of organic material were collected for 14 C dating. Lacquer peels were made for macroscopic study of texture. The deposit is subdivided into seven units (Fig. 3A, B) . Units 1, 3, 5, and 7 consist of clean windblown sand, whereas units 2, 4, and 6 are soils that contain varying amounts of organic matter. Unit 1 is characterized by low-angle cross stratification and horizontal lamination. The minimum thickness of the unit is 0.5 m. Unit 2 is subdivided into an in situ soil at the base of the unit and a mix of windblown sand and detrital organic matter at the top. The unit has an undulating lower boundary and is truncated at the top; in the northeastern part of the test site it has been eroded completely. Here, an erosional boundary exists between units 1 and 3. Several relicts of human habitation, like charcoal, pottery, and bones and teeth of domestic animals, were found in this unit. Unit 2 has a maximum thickness of about 0.9 m. Unit 3 is characterized by low-angle cross-stratified sands and has a thickness that varies between 0.2 and 0.7 m. Unit 4 is a thin Ah-horizon soil, approximately 0.05 m thick, that is continuous throughout the field site. The sediments in unit 5, which has a thickness of 0.45 to 0.75 m, are characterized by horizontal lamination. Unit 6 is a distinct soil with a uniform thickness of around 0.2 m. The soil has an undulating topography, such that the elevation of the top varies by about 0.55 m. The lower-lying sections of the soil (e.g., trench I, 8 m) contain more organic matter than the sections at higher elevations. The soil has Ah and Bw horizons in trench A; in trench I the soil is an accumulation of organic matter in an Ah horizon. Towards the northwest in trench I, a thin sandy layer subdivides the soil into two parts. Unit 7 is characterized by high-angle cross stratification, dipping towards the southeast, and has a minimum thickness of 0.2 m. The quality of the correlation is obscured by various factors. Water that stagnates atop and hangs under layers of low permeability causes ⑀ r to increase in the sediment above and below soils (Fig. 4) . Undulating soils, such as unit 4 at a depth of about 1.5 m in trench I (Fig. 4B) , cause occasional mismatches between peaks in organic-matter content and ⑀ r . Ages of sampled organic material show that the sediment was deposited between around 500 and 1425 AD (Van Dam 2001) . During a period of shoreline progradation between around 5000 and 3000 14 C years BP (ϳ 3750 to 1250 BCE), relatively low so-called Older Dunes formed on top of coastal barriers. From the Roman period (ϳ 0 AD) onwards sand supply almost ceased, which caused barrier and dune development to diminish. Units 1 to 5 were deposited during this period. After about 1200 AD, a period of coastal erosion marked the onset of the formation of the so-called Younger Dunes (Jelgersma et al. 1970) . Unit 6 marks this transition. Increased sediment supply led to the development of dunes up to 35 m high (Jelgersma et al. 1970) . Unit 7 represents the base of the Younger Dunes.
RESULTS
Ground-Penetrating Radar
The 450 MHz GPR lines in Figures 3C and 3D correspond to the trench walls. On GPR line 11, the top of unit 6 is marked by a high-amplitude reflection (Fig. 3D) . The bottom reflection of unit 6 is less distinct, possibly because of multiple reflections within the unit and of interference with diffraction hyperbolas originating in the top of the unit. Unit 6 has a larger ''time-thickness'' between approximately 5 and 10 m. Here, higher contents of organic matter and water induce a lower velocity. The result is velocity drawdown for the bottom reflection of unit 6 and for all lower reflections. Unit 4 gives a good reflection in the left marginal area of line 11. In the right marginal area, units 4 and 2 produce one combined reflection. In the central part of this GPR line, the reflection intensity below unit 6 is lower than elsewhere; the clean sand seems almost transparent to GPR signals. This fact may indicate a high scattering loss from the uneven top of unit 6 and from nonhorizontal incidence to the high-angle cross bedding in unit 7. In GPR line AA (Fig. 3C ) both the noise level and the signal level are lower than those in line 11, for unknown reasons. No clear bottom reflection for unit 6 is present. Nevertheless, the lower-lying units 2 and 4 give low-amplitude but good reflections.
Description of Sediment
The average grain size of the studied sediment is about 260 m (medium sand) for both vertical sections (Table 3) . The soils have a slightly finer grain size than the clean sand (Fig. 4) , which is expressed mainly by an increase in silt content (Table 3) . Clay content is below 1% for both clean sand and soils. Within the observed textural range the grain size does not affect the TDR response; for the clean sands ⑀ r remains at a baseline value of around 4 in all sections (Fig. 4) . The sharp increase near the base of the trench is due to the proximity of the water table. The average percentage of organic matter is well below 1. In units 2, 4, and 6, this percentage is higher (Fig. 4, Table 3 ). Unit 6 peaks at 2.5% organic matter in trench A but reaches 5% in trench I, showing ⑀ r values of up to 26. Within unit 6, organic-matter content varies not only laterally but also vertically (Fig. 4) . Units 2 and 4 contain less organic matter than unit 6. Unit 4 lacks a response in the TDR measurements in trench A, whereas in trench I a minor excursion from the baseline value is visible at 1.5 m depth (Fig. 4) . The TDR response of unit 2 mimics the organic content well, leading to maximum ⑀ r values of 6 and 8 in trenches A and I, respectively. The electrical conductivity ( DC ) ranges from 0.0045 Sm Ϫ1 for the clean sand to 0.0170 Sm Ϫ1 for the soils. Substitution of the measured extremes for DC and ⑀ r in equations for dielectric impedance and attenuation shows that the variation in DC is of minor importance.
The relative permittivity thus shows a pattern of variation correlated predominantly to organic-matter content (rather than to grain size), as is shown by the relationship in Figure 5 (R 2 ϭ 0.71). The quality of the correlation is somewhat obscured by water that stagnates atop low-permeable soils. As a result, ⑀ r increases above soils, as is the case for unit 6 in both trenches (Fig. 4) . Also, below these soils ⑀ r tends to decrease more gradually than the organic-matter percentage.
Moisture-Retention Curves
Of the 49 undisturbed samples that were used to construct moistureretention curves, 42 were collected from the clean-sand units, five from unit 2 and two from unit 6. The clean-sand units 1, 3, 5, and 7 were merged into one group, because their characteristics appeared to be very similar (Table 4) . Measured and modeled soil-moisture contents, presented in Table 5 along with the optimized model parameters (Van Genuchten 1980) , allow construction of moisture-retention curves for the clean-sand group and the two soils (Fig. 6A) . The clean sand has a volumetric water content of 0.43 at complete saturation. As suction potentials are increased from 0 to 1.5, water content decreases only slightly. Above pF 1.5, water content FIG. 6.-A) Moisture-retention characteristics for three groups based on 49 samples from 6 units. Average values from the laboratory measurements are shown as data points. Best-fit moisture-retention curves are shown as solid lines. The decrease in moisture content going from full saturation at pF 0 to pF 0.40 is most likely due to a systematic procedural error during the experiment. The mismatch between the measured values and the modeled curves for clean sand and unit 2 over the pF range from 0 to 1.5 is also found in other experimental studies of moisture retention in sand and silt (Fredlund and Xing 1994) . B) Curves based on Figure 6A and Eq. 1, showing the relation of suction potential versus relative permittivity for the three groups. Depending on the amount of organic matter in the sediment the water content and electrical properties react in different ways to changing suction potentials, as can be seen from the shapes and positions of the curves. Values of relative permittivity, shown as data points, at pF 1, 1.866, and 4 were used to construct synthetic radar images. drops rapidly to 0.066 and then stabilizes again at suctions higher than 1.8. The sharp drop in water content is characteristic of sediment with a uniform pore-size distribution, and is frequently found in well-sorted sand and sandstone (Van Genuchten 1980; Fredlund and Xing 1994) . The shape of the curve for unit 2 is comparable to that of the one for clean sand. However, water contents are significantly higher, which reflects the presence of organic matter in unit 2. The two samples from unit 6 have considerably higher volumetric water contents throughout the entire pF range. Their water content at saturation is 0.59. Between suction potentials of 0 and 1.5, the shape of the moisture-retention curve is not different from that of the other two curves, but at suctions higher than 1.5 there is a gradual decrease in water content unlike the drop-off found for unit 2 and the clean-sand group.
The modeled -pF relationship was used as input in Eq. 1 in order to show the relationship between suction potential and relative permittivity (Fig. 6B) . The curves have about the same shape as those in Figure 6A , but at suctions below 1.5 the curves of the three groups are widely spaced, whereas at suctions above 3 the curves are within a small range of ⑀ r values. At pF 1.0 the difference in ⑀ r between clean sand and unit 2 is about 7, whereas the difference between unit 2 and unit 6 is around 13. At a suction potential of 1.8, the difference in ⑀ r between clean sand and unit 2 is minimal, whereas unit 6 is highly distinct from the other units. At pF 4.0, the differences in and ⑀ r are small among all three units.
Implications.-The differences in curve shape, maximum water content, and relative permittivity between the different units have several important implications. One effect is that contrasts in dielectric properties between units differ significantly according to the moisture conditions (Fig. 6B) . At suctions above pF 3, average velocity is high and attenuation low but the impedance contrasts are small. At suctions below pF 1.5, the impedance contrasts are moderate but now with low average velocity and a higher -Simplified vertical models of relative permittivity for TDR section 1 (Fig.  4) at A) saturated conditions with pF 1, B) field-capacity conditions with pF 1.866 (the TDR field data are shown for reference), and C) low-moisture conditions with pF 4. Unit 4, having textural properties comparable to unit 2, is given the same dielectric properties as unit 2. GPRMODV2 uses input for the high-frequency and low-frequency limits of relative permittivity; the ⑀ r values shown are those at the center frequency.
attenuation. Around pF 1.8, unit 6 exhibits large impedance, attenuation, and velocity contrasts with the other units. For these three pF situations, large differences in response of the units to GPR signals can be expected. Another effect is that for clean sand and unit 2, a change in suction potential between 1.5 and 1.8 results in a relatively large change in volumetric water content. Small variations in suction over this range might affect the GPR signal significantly.
The correlation between organic content and dielectric properties of a sample allows construction of vertical models of the contrast parameter ⑀ r . The validity of the dielectric values used for these models can be verified by calculating the volumetric water contents for different units using Eq. 1 and then substituting these values in Eq. 2 with the appropriate parameters. The combination of values (measured with TDR) and the moistureretention curves gives a narrow range of suction potentials and shows that the field capacity at the test site was about pF 1.866 (Table 6 ). Conversely, the moisture-retention curves can be used to construct contrast-parameter models for different suction potentials. These models in turn allow construction of synthetic radar measurements and comparison with actual GPR traces from the test site.
Synthetic GPR modeling
Using the data from Figure 6B , vertical models of relative permittivity were constructed for three different suction potentials (Table 7 , Fig. 7 ). Unit 1 is assumed to be of infinite depth. Unit 4, which lacks any measurements of moisture-retention characteristics, is assigned the same properties as unit 2. Both and ⑀ r decrease with decreasing organic matter percentage and increasing pF. For the transition from clean sand to unit 6, RC is largest at field conditions. For the clean sand to unit 2 transition RC increases with suction potential. Simplifying the gradual changes in ⑀ r around the soils (Fig. 7B) by blocks with constant values and sharp transitions makes interpretation of synthetic images more straightforward but results in a loss of information. The amount of information missed is governed by the ratio between the transition-zone width (W) and the wavelength ( ϭ v/f) of the radar signal. Transitions are best imaged when W/ is below 0.3 (Annan et al. 1991) . Higher W/ ratios induce signal dispersion and a decrease in reflection amplitude. For a velocity of 0.12 m ns Ϫ1 a transition zone of 0.1 m, as observed for unit 6, can be imaged with all antennae except the 900 MHz one. This allows for the use of blocks with sharp ⑀ r transitions in the models.
Ricker transmission wavelets with center frequencies of approximately 100 and 450 MHz were used for the forward modeling (Fig. 8) . GPR synthetics at field capacity conditions show that the 20-ns-wide 100 MHz pulse is too coarse in resolution to image the different soils (Fig. 9) . In field measurements, direct air and ground waves and interference from multiples would obscure the trace even more. The 450 MHz synthetic clearly images the polarity reversal for the top and bottom reflections of unit 2 and 6, whereas for unit 2 the top and bottom reflections have merged. The reflection amplitude for units 2 and 4 is small. Figure 10 compares 450 MHz synthetic images for the three different models as shown in Figure  7 . Important observations can be made with respect to reflector spacing and reflection amplitude. Because of higher electromagnetic wave velocities for dry sediment the reflections are squeezed together at increasing suction potential (Fig. 10) . The transition from pF 1 to field capacity conditions is the most distinct in this respect, as a result of the draining of the clean sand and units 2 and 4 between pF 1.5 and 1.8 (Fig. 6) . The transition from pF 1.866 to pF 4 causes the top and bottom reflections from unit 6 to squeeze. Multiples, present in field measurements, will make the interpretation of this trace at a pF of 1.866 and 4 problematic. The amplitude of reflections gives information about signal attenuation and reflectivity of the layers. At field capacity conditions (pF 1.866) the amplitudes of the unit 2 and 4 events are very low. This is caused by the high permittivity contrast between unit 6, which still holds a lot of water, and clean sand, which is almost dry at this suction potential (Fig. 6) . As a result of the high reflection coefficient a relatively small amount of energy will pass unit 6 (Table 7) . For both saturated (pF 1) and dry conditions (pF 4) the unit 6 reflections have significantly lower amplitudes, whereas the reflection amplitudes for units 2 and 4 are higher (Fig. 10) . The lower reflectivity of unit 6 holds a larger part of the transmitted energy available for imaging units 2 and 4. Reflection amplitudes cannot be directly correlated with reflection coefficients (RC). For the unit 4 transition RC differs by a factor of 2 between pF 1 and pF 4 (Table 7) . However, at pF 4 the reflection amplitude for unit 4 is more than doubled compared with the pF 1 amplitude (Fig. 10) . This effect is caused by a significantly higher attenuation in saturated sediment. Figure 11 shows the variation in reflection coefficient (RC) with suction potential for a vague soil (unit 2) and a prominent soil (unit 6). The contrast between clean sand and unit 6 (soil with about 6% organic matter) is highly variable. In saturated conditions RC is more or less constant. The dip to lower RC values at a suction of around pF 1.4 is somewhat overestimated, caused by the mismatch between measured and modeled moisture retention characteristics for clean sand (Fig. 6 ). Going from pF 1.5 to 1.9 the contrast nearly triples, followed by a gradual halving towards pF 4 (Fig. 11) . For the unit 2 and 4 transitions the RC variation is smaller (Fig. 11) . The sharp drop in water content going from pF 1.5 to 1.8 (Fig. 6 ) causes a small increase in reflection coefficient.
DISCUSSION AND CONCLUSIONS
A single GPR reflection will never be unique; it is thus not possible to determine the type of sediment directly from the reflection characteristics in one trace. However, the comparison of measurements from varying moisture conditions by 4D GPR will outline soil reflectors and make laborious and costly drillings unnecessary. The reflection amplitude for soils will show a larger temporal variation than the reflection amplitude of sedimentary structures. In temperate regions GPR measurements during wet conditions (directly after a period of rain) should be compared with measurements under field capacity conditions (pF 1.866). For soils with small amounts of organic matter the behavior is not markedly different from clean sand. In arid regions, where suction potentials above 2.5 or 3 are more common than saturated conditions, temporal amplitude differences between FIG. 10.-GPR synthetic images at 450 MHz for different suction potentials as shown in Figure 7 . Picture of trench I between TDR sections 1 and 8 is shown for reference. The reflection events in the trace at pF 1 are indicated as in Figure 9 . The data are plotted with a constant gain of 68 decibels.
FIG. 11.-Relationships between reflection coefficient (RC) and suction potential for the transition from clean sand to unit 2 and for the transition from clean sand to unit 6. Symbols mark the suction potentials used for the GPR modeling (Figs. 7,  10) . The dip to lower RC values at pF 1.4 for the unit 6 contrast is exaggerated because of erroneous modeling of the water-retention characteristics of clean sand at this suction potential (Fig. 6) . The dip to lower RC values at suctions around 1.6 for the unit 2 contrast is probably an artifact of modeling (Fig. 6 ). moist (pF 1.5 to 2.5) and dry (pF Ͼ 3) conditions should be compared to outline prominent soils. However, in arid climates soils usually contain only small amounts of organic matter. Because the shape of the moisture-retention curve for soils with little organic matter looks like the clean-sand one, it is difficult to outline these soils without borehole control.
Depending on the goal when studying soils, measurements under different moisture conditions are preferable. When one soil is present in the sediment and the aim is to track the extent of this horizon it is best to measure under field capacity conditions when the dielectric contrast is large. The result is a reflection of high amplitude that can be traced easily. When the focus is on a series of stacked soils, field capacity conditions are less preferable for GPR research because the large dielectric contrasts of soils cause too much electromagnetic energy to be reflected. Instead, it is better to measure when reflection coefficients are small. When the various soils are closely spaced it is best to measure in saturated sediment such that reflected pulses do not overlap. When the stacked soil layers have a wider vertical separation it is best to measure under dry, low-attenuation conditions.
GPR tracing of the position and characteristics of soils in the subsurface is important for a number of reasons. Soils are used for dating sedimentary units, for making (chrono)stratigraphic correlations, and for the reconstruction of sedimentary systems. In studies of saturated fluid flow, soils are important low-permeability layers (aquitards). This study improves the interpretation of GPR images of soils and allows for a more specific use of the technique. In addition, it provides an explanation of the complex relationship between organic-matter content and variations in water content and their control on GPR signals.
